A previously developed theoretical procedure for determination of electromagnetic fields associated with the interaction of a higher-order Gaussian beam with a homogeneous spherical particle is used to investigate the effects of incident beam type on far-field scattering. Far-field scattering patterns are calculated for ͑0,0͒, ͑0,1͒, and ͑1,1͒ mode Hermite-Gaussian beams and for the helix doughnut mode beam. The effects of incident beam type on the angular distribution of far-field scattering, for both on-sphere-center and off-sphere-center focusing, are examined.
Introduction
In an earlier paper 1 a theoretical procedure was developed for the determination of the electromagnetic fields associated with the interaction of a higherorder Gaussian beam with a homogeneous spherical particle. In Ref. 1, the effects of beam type on the internal particle and near-particle surface electromagnetic field distributions, and the effects of beam type on particle resonance excitation, were examined. Beam types considered included the TEM 00 , TEM 10 , TEM 01 , and TEM 11 mode Hermite-Gaussian beams and doughnut mode beams with radial, angular, arced, and helix polarization. In this paper I use the theoretical procedure developed in Ref. 1 to investigate the effects of beam type on far-field scattering.
The far-field scattering for a focused Gaussian ͑i.e., TEM 00 ͒ mode beam incident on a spherical particle has been previously considered. [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] Recently, Lock and Hodges 12, 13 investigated, both theoretically and experimentally, the far-field scattering for an axisymmetric non-Gaussian beam. In the following, the far-field scattering for nonaxisymmetric beams is examined. In addition, Lock and Hodges modeled the actual beam intensity profile of the argon-ion laser used in their experimental measurements that, although not perfectly Gaussian, was near Gaussian in the sense that the beam intensity was a maximum at the propagation axis and then monotonically decreased with increasing distance away from the propagation axis ͑see, for example, Fig. 3 in Ref. 13͒ , and the resulting far-field scattering patterns were similar to ͑although not identical with͒ the scattering patterns that would be obtained with an ordinary Gaussian beam ͑see, for example, Fig. 3 in Ref. 12͒ . In contrast, the higher-order Gaussian beams considered in this paper, including the doughnut mode beam, are clearly non-Gaussian and, as shown, can produce scattering patterns strikingly different from those of a corresponding Gaussian beam.
Theoretical Development
Details of the theoretical procedure for determining the electromagnetic fields associated with the interaction of a higher-order monochromatic Gaussian beam with a homogeneous spherical particle are given in Ref. 1. The geometric arrangement is shown in Fig. 1 . A focused beam propagates parallel to the z axis and is incident on a homogeneous spherical particle located within an infinite, homogeneous, nonabsorbing medium. The problem is formulated in spherical coordinates ͑r, , ͒, where the spherical coordinate polar angle is referenced to the positive z axis, and the spherical coordinate azimuthal angle is referenced to the positive x-axis side of the x-z plane. As discussed in Ref. 1, the internal and scattered electromagnetic fields of the particle are each expressed as general series expansions over products of the Riccati-Bessel and spherical harmonic func-tions. Electromagnetic field quantities are normalized relative to an electric-field amplitude associated with the incident beam ͑E 0 ͒, and spatial quantities are normalized relative to the radius of the sphere ͑a͒. The series coefficients of the internal and scattered field expansions are related to the prescribed incident field through the application of numerical integrations over the surface of the particle and simple algebraic relationships ͓see Eqs. ͑10͒-͑15͒ in Ref.
1͔. Once the series coefficients have been determined, the series expansions can be used to calculate the electromagnetic field anywhere internal to, or external to, the particle.
Important parameters for the analysis include the particle size parameter ͑␣ ϭ 2a͞ ext ͒, the relative index of refraction of the sphere ͓n ϭ ͑⑀ int ͞⑀ ext ͒ 1͞2 ͔, the dielectric constant of the external medium ͑⑀ ext ͒, the type of incident beam ͑e.g., TEM 11 mode, doughnut mode͒, the incident beam polarization orientation, the beam waist radius ͑w 0 ϭ w 0 ͞a͒, and the location of the beam focal point relative to the sphere center ͑ x 0 , ỹ 0 , z 0 ͒. In the calculations that follow, it is assumed that ⑀ ext ϭ 1.0 and that the incident beam, regardless of type, is linearly polarized with electricfield polarization in the x-axis direction. The electromagnetic-field components of the higher-order Gaussian beam are determined with the beam models developed in Section 2 of Ref. 1 .
If far-field scattering is of interest, as in this paper, then the series expansions for the scattered field can be simplified because, in the limit of large ␣r, the Riccati-Bessel functions that occur in these expansions become
where l is the radial index of summation. In addition, in the far field, the radial component of the intensity is dominant. A nondimensionalized farfield scattering intensity S r ͑, ͒ is defined by nondimensionalizing the radial component of the timeaveraged Poynting vector in the far field as follows:
Far-field scattering calculations were performed for the same nonabsorbing, nonresonance spherical particle condition that was previously considered in Ref.
1 ͓␣ ϭ 38.31549, n ϭ ͑1.33, 0.0͔͒. Far-field scattering patterns were calculated for four different beam types: the TEM 00 mode ͑for reference͒, the TEM 01 mode, the TEM 11 mode, and the TEM dn ͑lhel͒ left-handed helix doughnut mode. A beam waist radius of w 0 ϭ 1.414 was assumed for all beam types. With onsphere-center focusing, and with a beam waist radius of w 0 ϭ 1.414, the maximum intensity peaks of the two lobes of the ͑0,1͒ mode and the circular ring of maximum intensity of the helix doughnut mode beam occur at the surface of the spherical particle ͑at r ϭ 1.0͒. For these same conditions, the maximum intensity peaks of the four lobes of the ͑1,1͒ mode beam occur outside the surface of the spherical particle at r ϭ 1.414 ͑see Ref. 1͒. Figure 2 shows a calculated gray-level visualization ͑white f high, black f low͒ of the forward scattering of the spherical particle for the case of on-sphere-center focusing ͑x 0 ϭ ỹ 0 ϭ z 0 ϭ 0͒. The top pattern is for the ͑0,0͒ mode beam, the second pattern from the top is for the ͑0,1͒ mode beam, the third pattern from the top is for the ͑1,1͒ mode beam, and the bottom pattern is for the helix doughnut mode beam. The scattering patterns are projections of the scattered intensity upon a flat surface ͑i.e., a screen͒ perpendicular to the propagation axis ͑z axis͒. The polar angle extends from 0°to 45°along the x ͑horizontal͒ and y ͑vertical͒ axes. The azimuthal angle extends from 0°in the positive x-axis direction ͑to the right͒ to 90°in the positive y-axis direction ͑to the top͒ to 180°in the negative x-axis direction ͑to the left͒. The incident electricfield polarization is in the x-axis ͑horizontal͒ direction. ͑For focusing on the x axis, considered here, the scattering patterns are symmetrical about the x axis, thus only the upper half of the scattering pattern is shown.͒ In the forward-scattering plot, the region near the propagation axis ͑from 0°to 10°͒ has been intentionally blacked out to more easily observe the off-propagation axis scattering.
As can be observed in Fig. 2 , the forward-scattering patterns for the ͑0,0͒ mode beam ͑top pattern͒ and the helix doughnut mode beam ͑bottom pattern͒ for on-sphere-center focusing are similar, but not identical, with both exhibiting circular, nearly axisymmetric diffraction rings. ͓Because the incident beams are linearly polarized, with the electric-field polarization in the x-axis ͑horizontal͒ direction, the scattering Fig. 1 . Geometric arrangement for the higher-order Gaussian beam incident on a homogeneous spherical particle problem.
patterns for the ͑0,0͒ mode and helix doughnut mode beams are not purely axisymmetric.͔ The forwardscattering patterns for the ͑0,1͒ mode ͑second from the top͒ and the ͑1,1͒ mode ͑third from the top͒, however, are definitely nonaxisymmetric. For the ͑0,1͒ mode, with the two lobes of incident intensity located along the y axis and at the surface of the sphere, the dominate scattering is in the y-axis direction ͑ ϭ 90°͒, with little scattering in the x-axis direction ͑ ϭ 0°and 180°͒. For the ͑1,1͒ mode, with each of the four lobes of incident intensity striking the spherical particle halfway between the x and y axes, the dominant scattering occurs at 45°angles between the x and y axes ͑ ϭ 45°and 135°͒. Figure 3 shows the corresponding backwardscattering patterns for the same conditions considered in Fig. 2 . In the backward direction, the scattering patterns for the ͑0,0͒ mode and helix doughnut mode beams are somewhat less similar than for the forward direction. For the ͑0,1͒ mode, the dominant scattering is still in the y-axis direction, and for the ͑1,1͒ mode the dominant scattering is still at 45°angles to the x and y axes. Figures 4 and 5 show the forward-and backwardscattering patterns, respectively, for the same conditions considered in Figs. 2 and 3 , except the incident beam focal point has been moved along the x axis to the surface of the spherical particle ͑x 0 ϭ 1.0, ỹ 0 ϭ 0, z 0 ϭ 0͒. As shown in the top pattern of Fig. 4 , for the ͑0,0͒ mode beam, the diffraction rings to the righthand side of the particle ͑the side at which the beam strikes the particle͒ remain relatively intact whereas the diffraction rings to the left-hand side of the particle become obscured. There is also a strong region of forward scattering near the x axis and on the opposite side of the particle from which the focused beam strikes. The second pattern from the top in Fig. 4 shows the forward scattering for the ͑0,1͒ mode beam. The lobe of the ͑0,1͒ mode beam that was once centered along the y axis at the surface of the sphere has now been moved off to the right. Once again the diffraction rings are more well defined on the right-hand side of the particle and become obscured on the left-hand side. There is also relatively more scattering near the negative x-axis direction than near the positive x-axis direction.
The third forward-scattering pattern from the top shown in Fig. 4 is for the ͑1,1͒ mode beam. The intensity lobe of the beam that was to the left of the particle has now moved to the right so that it strikes the surface of the particle along the y axis. This Fig. 2 . Gray-level visualization ͑white f high, black f low͒ of calculated far-field forward-scattering intensity projected onto a flat surface extending from 0°to ϩ45°in the y-axis ͑vertical͒ direction and from Ϫ45°to ϩ45°in the x-axis ͑horizontal͒ direction. On-sphere-center focusing ͑x 0 ϭ ỹ 0 ϭ z 0 ϭ 0͒. From top to bottom: TEM 00
͑ x͒ mode, TEM 01 ͑ x͒ mode, TEM 11 ͑ x͒ mode, and TEM dn ͑lhel͒ mode. For forward scattering, the 0°to 10°region has been intentionally blacked out. Relative index of refraction n ϭ ͑1.3, 0.0͒, particle size parameter ␣ ϭ 38.31549 ͑nonresonance͒, and beam waist radius w 0 ϭ 1.414. results in a forward-scattering pattern similar to that of the ͑0,1͒ mode beam with on-sphere-center focusing ͑see Fig. 2 , second pattern from the top͒. The bottom pattern in Fig. 4 is the forward scattering that occurs for the helix doughnut mode beam with onsphere-edge focusing. The ring of intensity of the doughnut mode beam has now moved to the right and intersects the center of the sphere. The far-field diffraction rings are somewhat more defined to the right-hand side of the particle than to the left-hand side. Figure 5 shows the corresponding backwardscattering patterns for the same on-sphere-edge focusing condition considered in Fig. 4 . As was the case for forward scattering, the ͑0,0͒ mode beam exhibits a region of strong scattering near the x axis on the side opposite the focal point of the beam. Also, the backward-scattering pattern of the ͑1,1͒ mode beam with on-sphere-edge focusing is similar to that of the ͑0,1͒ mode beam with on-sphere-center focusing ͑see Fig. 3 , second pattern from the top͒.
To quantify the azimuthal angle dependence of far-field scattering on beam type and focal point positioning, an azimuthal-angle-dependent, polarangle-integrated, far-field scattering intensity was defined:
where 0 is appropriately chosen to avoid the region close to the forward propagation axis of the incident beam. For the conditions considered here, a lowerlimit polar angle of 0 ϭ 10°ϭ ͞18 rad was chosen. Figure 6 shows the azimuthal far-field scattering intensity S r ͑͒ for the ͑0,0͒ mode beam with the focal point position on the positive x axis at x 0 ϭ 0.0, 0.5, 1.0, 1.5, and 2.0 for 0°Ͻ Ͻ 180°. ͓For on-x-axis focusing, S r ͑͒ is symmetric such that S r ͑360°Ϫ ͒ ϭ S r ͑͒.͔ As can be seen in Fig. 6 , for on-sphere-center focusing ͑x 0 ϭ 0.0͒, S r ͑͒ is relatively constant for all . However, as the focal point of the beam is moved away from the center of the sphere and along the positive x axis, there is a decrease in scattering for azimuthal angles near the positive x-axis side of the x-z plane ͑ ϭ 0°͒ and an increase in scattering for azimuthal angles near the negative x-axis side of the x-z plane ͑ ϭ 180°͒. As the focal point of the beam is moved away from the surface of the sphere ͑x 0 f 2.0͒, the overall scattering, as expected, decreases significantly, especially on the beam side of the particle. Figure 7 presents a plot for the same conditions as Fig. 6 , but now a ͑0,1͒ mode beam is used. For onsphere-center focusing, as was observed in the forward-and backward-scattering patterns ͑Figs. 2 and 3, second pattern from the top͒, the dominate scattering is in the y-z plane ͑ ϭ 90°͒ with minimal scattering in the x-z plane. As the focal point of the beam is moved away from the center of the sphere in the positive x-axis direction, the total scattering decreases, and the angle for maximum scattering increases from 90°toward approximately 140°. Shown in Fig. 8 are the polar-angle-integrated azimuthal far-field scattering intensities for the ͑1,1͒ mode beam. For on-sphere-center focusing, the maximum scattering occurs at ϭ 45°and 135°. As the focal point of the incident beam is moved away from the sphere center, the angle for maximum scattering changes from 45°to approximately 140°͑for x 0 ϭ 2.0͒. Finally, Fig. 9 shows S r ͑͒ for the lefthanded helix doughnut beam. For on-sphere-center focusing, the scattering is approximately equal in all azimuthal directions. As the focal point of the beam is moved away from the sphere center, the scattering on the beam side of the particle ͑ ϭ 0°͒ decreases, whereas the scattering on the side of the particle away from the beam ͑ ϭ 180°͒ first decreases and then increases as the focal point is moved away from the center of the sphere.
Summary
Applying the theoretical procedure developed in Ref.
1, far-field scattering patterns were calculated for a homogeneous spherical particle with ͑0,0͒, ͑0,1͒, and ͑0,1͒ mode Hermite-Gaussian and helix doughnut mode focused beam illumination. Analysis of the calculated scattering patterns demonstrates the similarities and differences between the scattering patterns of the higher-order Gaussian beams with the corresponding scattering patterns of a fundamental ͓͑0,0͒ mode͔ Gaussian beam. 
